The Drosophila wing has been used as a model to investigate the mechanisms responsible for size and shape changes in nature, since such changes might underlie morphological evolution. To improve the understanding of wing morphological variation and the interpretation of genetic parameters estimates, we have established 59 lines from a Drosophila simulans laboratory population through single pair random matings. The offspring of each line were reared at three different temperatures, and the wing morphology of 12 individuals was analyzed by adjusting an ellipse to the wings' contour. Temperature, sex and line significantly affected wing trait variation, which was mainly characterized by longer wings having the second, fourth and fifth longitudinal veins closer together at the wing tip. As for the genetic parameter estimates, while the cross-environment heritability of some traits, such as wing size (SI), decreased with an increasing difference between the temperatures at which parents and offspring were reared, wing shape (SH) heritability did not seem to change. Since we found indications that neither an increase in the phenotypic variation nor the occurrence of genotype-environment interactions could fully explain the low heritabilities of SI estimated by cross-environment regressions, we discuss the importance of other effects for explaining this discrepancy between the SI and SH heritability estimates. In addition, although the genetic matrix was not entirely represented in the phenotypic matrix, several correspondences were identified, suggesting that the observed patterns of wing morphology variation are genetically controlled.
Introduction
A central issue in evolutionary biology is the understanding of the mechanisms that promote morphological evolution, such as those responsible for size and shape variation in nature. Several studies with natural Drosophila populations have shown that wing morphology is a target for natural selection and that the Drosophila wing can be considered as a suitable model for studies on morphological evolution. Clinal studies have extensively reported that wings are generally bigger at lower latitudes and the most common explanation for this pattern is selection due to temperature (Stalker and Carson, 1947; Prevosti, 1955; David et al, 1977; Coyne and Beecham, 1987; Gockel et al, 2001; Hoffmann and Shirriffs, 2002) . Genetic variation for wing shape in natural populations and its association with geographical variation have also been described (Bitner-Mathé and Klaczko, 1999a, b; Gilchrist et al, 2000; Hoffmann and Shirriffs, 2002) . In addition, there is strong evidence that wing size and shape have different genetic properties and that wing shape might be under tighter genetic control, which could lead to a more intense response to natural selection, even though the adaptive nature of wing shape has not yet been satisfactorily demonstrated (Weber et al, 1999 (Weber et al, , 2001 Birdsall et al, 2000; Gilchrist and Partridge, 2001; Zimmerman et al, 2000) .
The potential for adaptive evolution of quantitative traits in natural populations can be estimated by two genetic parameters, the heritability of each trait and the genetic correlations between traits (Falconer and Mackay, 1996; Roff, 1997) . The heritability (h 2 ) of a trait (ie the proportion of total phenotypic variance due to the additive genetic variance: s 2 A /s 2 P ) determines its potential for evolutionary changes and the rate at which it will respond to selection. On the other hand, because natural selection acts on the phenotype of the whole individual, the progress of selection on one trait may be affected by selection on a different, genetically correlated, trait (Lande and Arnold, 1983) . Both heritability and genetic correlations are influenced by allele frequencies and by the magnitude of environmental differences to which the individuals are subjected, being properties not only of the traits but also of the population in which they are estimated (Falconer and Mackay, 1996) .
It is very difficult and sometimes impossible to estimate genetic parameters in the field, which motivates the extrapolation of laboratory heritability estimates to understand what is occurring under natural conditions. Weigensberg and Roff (1996) , reviewing heritability estimates from 45 studies, showed a high correlation between laboratory and field narrow-sense estimates. These authors suggested that laboratory estimates of heritability should generally provide reasonable estimations of the magnitude of the heritability in nature. However, they noted that 'since h 2 represents the ratio of additive genetic variance to phenotypic variance, if one or both of these variances significantly differ between laboratory and natural environment such an extrapolation is problematic'. Regarding the genetic correlations, some studies have suggested that phenotypic correlations may be a fair approximation to genetic correlations in many situations and that evolutionary inferences might be possible from phenotypic values (Cheverud, 1988; Roff, 1995; Reusch and Blanckenhorn, 1998) . To circumvent these difficulties, Lande (1987) and also Riska et al (1989) suggested that it is possible to estimate the heritability in nature (h 2 N ) by regressing the offspring reared in the laboratory on their parents reared in natural environment.
Generally, wing size heritability estimates in natural populations of Drosophila species are considerably lower than those observed for laboratory populations (Coyne and Beecham, 1987; Ruiz et al, 1991; Weigensberg and Roff, 1996) . A recurrent explanation for these low heritability estimates of size in nature is that the environmental component of phenotypic variation might be greater in the field than in the laboratory. However, another possible explanation is that different environments may alter the relative values of different genotypes causing a genotype-environment interaction (Falconer and Mackay, 1996) , which can bias the heritabilities estimated by cross-environment parentoffspring regression. Conversely, high heritability values have been reported for wing shape (approximately 50%), even when these estimates are performed at different environmental conditions for different Drosophila species (Bitner-Mathé and Klaczko, 1999a, b; Gilchrist and Partridge, 2001; Hoffmann and Shirriffs, 2002) . Nevertheless, what causes this constancy in the wing shape heritability estimates remains unknown.
Our major goals are to improve the understanding of the morphological variation in Drosophila wings and the interpretation of the genetic parameters estimated in natural populations, mostly comparing heritability and correlation estimates at different controlled environments. We therefore performed a laboratory experiment with a Drosophila simulans population to analyze the wing morphological changes due to variation in temperature and sex, and also to differences in the genetic backgrounds. Additionally, we evaluated the effects of temperature variation on cross-environment heritability and genetic correlation estimates under controlled laboratory conditions, particularly testing the effects of genotype-temperature interaction.
Materials and methods

Drosophila collection and crosses
Flies were collected with banana baits in July of 1999 along the São José river at Chapada Diamantina (12133 0 S; 41123 0 W), state of Bahia, Brazil. From this collection, approximately 50 males and 50 females of D. simulans were used to generate a laboratory population. These flies were kept at 16.51C in population cages during four generations before the establishment of isofemale strains, which were maintained at controlled temperature (16.51C) and density (up to 30 larvae per vial). Species identification was confirmed by the analysis of male genitalia (Ashburner, 1989) . One male and one virgin female of the first generation of each isofemale strain were collected to produce two separate pools: one of males and one of virgin females. In turn, these pooled flies were used as parents in single pair random matings that resulted in the establishment of 59 different lines. Parental pairs were kept at 16.51C while their offspring were reared at 16.5, 20.0 or 30.01C, as follows. Each couple was daily transferred to a new vial with fresh medium and the vials with fertilized eggs were kept at one of the three experimental temperatures. This procedure was repeated nine times, so we obtained three batches of each line at each temperature. Since we restricted the oviposition period of the pairs to 1 day only, the within-vial larval density was less than 30 larvae per vial. In order to minimize the variance due to common environment, only two sons and two daughters of each batch were analyzed. Besides, to reduce the variance within each batch, we estimated the mean between the two individuals of the same sex. For each of the 59 lines, the parents and 36 offspring individuals (four per batch, and so 12 per temperature) were analyzed. Therefore a total of 2124 offspring individuals and 118 parents were measured. Feeding medium mainly consisted of corn flour, integral wheat flour, sugar, agar, dry yeast and propionic acid, similar to Caltech medium (Ashburner, 1989; Laboratory Manual) .
Wing measurements
The left wing of each fly was dissected and mounted on a microscopic slide. Wing size and shape were measured as described in Klaczko and Bitner-Mathé (1990) . Briefly, Cartesian coordinates were taken from 40 points on the wing outline (magnified Â 60) using a digitizing pad connected to a microcomputer. The ellipse parameters were estimated by fitting the general equation of the ellipse to the Cartesian coordinates of the wing outline points using a least squares procedure (Klaczko and Bitner-Mathé, 1990; Klaczko, 1995) . The origin and orientation of the ellipse were found by solving this equation for the x-observed values. Through a translation and rotation of the coordinates system, the general equation was transformed to x 2 /a 2 þ y 2 /b 2 ¼ 1, where a and b are the radii of the two director circles of the ellipse. A shape free measure of size (SI) can be obtained by the geometric mean of the two radii of the ellipse (SI ¼ O(ab)). In fact, SI is equal to the radius of a circle with the same area of the ellipse, being the ellipse area equal to pab. The ratio b/a is a size free measure of the ellipse outline shape (SH). We named the intersection points between the wing veins as points A, B, C, D, E, F, G, I, J, K and O. The position of each of those points is given by the angle between the line that joins it to the origin of the ellipse and the major axis (Figure 1) . Thus, the angles y A , y B , y C , y D , y E , y F , y G , y I , y J , y K and y O determine the position of the wing veins and are also independent of size and shape measurements (BitnerMathé and Klaczko, 1999b) . Although SI and SH can be considered as independent measurements of wing size and shape, respectively, it should be noted that variations on wing size may have an effect on wing shape, and vice versa, causing these traits to be correlated.
Two tests on the precision of the ellipse method were performed. First, by solving the ellipse equation for the x-observed values, we calculated a correlation (r) between the observed and expected y-values. As reported before, the correlation is very high (r40.986) showing that Drosophila wing can be accurately described by an ellipse. To test the method for repeatability, we randomly selected 30 wings from this experiment. Each wing was measured on three different days and then an analysis of variance (ANOVA) was performed to test the effects of measurement errors between days. For all wing traits, the difference between wings was greater than the difference due to possible measurement errors of the same wing in different days (for all traits: F-ratio 47.42, Po1.0 Â 10
À6
).
Phenotypic and genetic correlations
The matrices of phenotypic correlations (r P ) between wing traits were obtained through standard Pearson's product-moment correlation (Falconer and Mackay, 1996) separately for the male and female offspring reared at each temperature. A total phenotypic correlation matrix using the total offspring mean (including individuals of both sexes at the three temperatures) was also estimated.
To summarize the information observed in the total phenotypic correlation matrix, we performed a principal component analysis (PCA) in which major patterns of correlation among measurements can be identified, since the variation in the original data set is reduced to a small number of independent orthogonal vectors -the principal components (PCs). The coefficients of the PCs (eigenvectors) correspond to the correlation coefficients of each original variable with each component. Their square represents the fraction of the variance of each original variable explained by each PC. They also indirectly indicate the relationships among the original variables (Neff and Marcus, 1980) . To estimate the standard errors of the eigenvectors, 1000 bootstrap resamplings of the original variables were performed to generate 1000 different PCAs. Since each PCA estimates its own eigenvectors, we calculated the mean eigenvectors between the 1000 PCAs and their standard errors. The eigenvalues, which represent the fraction of the total normalized variance explained by each PC, were also calculated.
The total genetic correlation (r G ) was estimated as the arithmetic mean of two reciprocal between-trait offspring-parent covariances (using parents and total offspring means) divided by the geometric mean of the within-trait offspring-parent covariances:
, where COV X1Z2 is the covariance between trait 1 of the parents and trait 2 of the offspring, COV X2Z1 is the covariance between trait 2 of the parents and trait 1 of the offspring, COV X1Z1 and COV X2Z2 are the offspring-parent covariances of traits 1 and 2, respectively (Becker, 1992; Falconer and Mackay, 1996) . The standard errors and also the significance of the genetic correlations were calculated as described by Becker (1992) .
Heritability
Within-environment heritability estimates of D. simulans wing traits were obtained by the intraclass correlation (h 2 FS ) at each developmental temperature. The intraclass correlation coefficient (t L ) was estimated by COV FS /V P, where COV FS is the covariance of full-sibs and V P is the phenotypic variance of full-sibs. In this case, h 2 FS p2t L because the additive genetic variance estimated by fullsib covariances may be inflated by dominance, epistasis, maternal effects and/or common environment (Falconer and Mackay, 1996) .
Another within-environment heritability was estimated by regressing in all possible combinations the male or female offspring mean at 16.51C on one of their parents, which were also reared at 16.51C. With this approach, possible effects of sex-linked genes on the wing trait variation might be identified. The heritability by parent-offspring regression (h 2 OP ) was obtained by doubling the regression coefficient (2b OP ) because only one of the parents was used. In its turn, the b OP is given by COV OP /V P , where COV OP is the parent-offspring covariance and V P is the phenotypic variance of parents (Becker, 1992) . However, the estimates of the additive genetic variance (V A ) by h 2 OP might be biased, since COV OP includes components of the additive interaction variance as well Becker, 1992) . Moreover, mother-daughters and mother-sons regression also estimates half of the maternal effect variance ðþ 1 2 V M Þ, plus half of the sex linkage variance of females ðþ 1 2 V LF Þ in the case of mother-daughters regression, while the covariance between relatives of unlike sex (father-daughters and mother-sons) includes the malefemale covariance component ( þ COV MF ) (Becker, 1992) .
To test the effects of temperature on the crossenvironment heritability estimates, we considered the environment in which the parents were reared as the original environment (16.51C) and the environments in which the offspring were reared as three different environments: 16.51C as the original environment, 20.0 and 30.01C as two other different environments. Also, only mothers were used in these estimates since most cross-environment heritability estimates in nature are carried out with isofemale lines established in the laboratory. Therefore the mother-offspring regression Genetic architecture of Drosophila simulans wings BP Matta and BC Bitner-Mathé coefficient using the offspring mean at 16.51C estimates the within-environment heritability (b (On.Pn) ), while, by using the offspring mean at 20.0 or 30.01C, we estimate the cross-environment heritability (b (Ol.Pn) ). Nevertheless, the heritability by mother-offspring regression might also be biased by components of additive epistatic interaction and the maternal effect variance (Becker, 1992) .
The lower bound of the cross-environment heritabilities (g 2 h 2 N ; Riska et al, 1989) , which is also a common estimate in cross-environment heritability studies, was estimated by 4b 2 (Ol.Pn) (V Pn /V Al ), where 4b 2 (Ol.Pn) is four times the squared cross-environment regression coefficient, since only mothers were used, V Pn is an estimate of phenotypic variance among mothers in the original environment and V Al is an estimate of additive genetic variance in the laboratory obtained by doubling the fullsib covariances (COV FS ). The V Al estimated by full-sib covariances in the laboratory might be inflated by dominance and maternal effects. But in this case, the lower bound heritability becomes more conservative unless the estimate of b (Ol.Pn) is also affected, as by maternal effects (Riska et al, 1989) .
Statistical analyses
The similarity between correlation matrices was tested with Mantel's test (Mantel, 1967) . However, the error in the estimates of individual matrix elements limits the maximum observable correlation between the estimated matrices (Cheverud, 1996) . Thus, we calculated the repeatability of the correlation matrices (t), which estimates the proportion of the total variance due to individual differences despite the variation due to measurement error (Cheverud, 1995) . The maximum observable correlation between two matrices was then estimated by O(t 1 t 2 ), where t 1 and t 2 are the repeatabilities of the correlation matrices (Cheverud, 1995 (Cheverud, , 1996 . Therefore, we could evaluate the observed correlation between two matrices given by Mantel's test relative to their maximum observable correlation rather than relative to one (Cheverud, 1996; Marroig and Cheverud, 2001) . Nevertheless, the maximum observable correlation between genetic and phenotypic matrices must take into account both sampling error and part-whole relationships because these matrices are not independent from each other. For this reason, the maximum observable correlation between these matrices was estimated by h
, where t G , t P and t E are the repeatabilities of genetic, phenotypic and environmental correlation matrices respectively while e 2 is equal to 1Àh 2 , h 2 being the overall h 2 b OP mean in our case (Cheverud, 1996) . To test the homogeneity of the within-environment h 2 FS between different temperatures for each trait, we used Student's t-test (Sokal and Rohlf, 1981) , adjusted for multiple comparisons with a standard Bonferroni test (Miller, 1981) . Moreover, analyses of covariance (ANCO-VA), which test for significant differences between regression coefficients (b), were performed to compare the heritabilities estimated by parent-offspring regressions (Sokal and Rohlf, 1981) .
Statistical analyses were carried out with SYSTAT 7.0 (Wilkinson, 1997) and NTSYS-pc 1.70 (Rohlf, 1992) .
Results
Wing morphology at different temperatures
The effects of sex, temperature, line and the interactions between them on the wing morphology of D. simulans laboratory individuals were tested by ANOVA and are presented in Table 1 . All original wing traits were significantly affected by changes in the developmental temperature, by differences between sexes (except for y C and y K ) and also by differences between the genetic backgrounds of the lines. Regarding the line-temperature interaction, which indicates the existence of genotype-temperature interactions, significant differences were found for almost all wing traits. In addition, significant sex-temperature interaction was observed for most traits, suggesting that males and females have different responses to variation in the developmental temperature, except for SH, y A , y C , y G and y O . Line-sex interaction was only observed for y D , while the interaction between all three factors did not affect the wing traits.
Comparisons between phenotypic correlation matrices of wing traits by temperature and sex showed no significant differences (for all comparisons: Mantel's Table 3 . Of the total normalized variance in the variables, 51.8 and 16.8% were explained by PC1 and PC2, respect PC1 is strongly and positively correlated with y A , y B , y F , y G , y J , y K and y O but negatively correlated with SH, y D , y E and y I . From this correlation pattern, we could recognize that an important fraction of the wing morphology variation was characterized by the fact that when wings are longer (SH decreases), the second, fourth and fifth longitudinal veins get closer to each other in the distal part of the wing (y B increases; y D , y E and y I decrease). Besides, the points in the proximal wing area move toward the anterior region (y A , y F , y G , y J , y K and y O increase). Nevertheless, most of the standardized variation of SI was explained by PC2 (r 2 ¼ 59.1%), which also explained a considerable fraction of the variation of SH, y B , y C and y D . Positive correlations with PC2 were found for SI, y B , y C , y D , y E , y G and y I , while the remaining traits showed negative correlations with this PC. PC2 shows a different and independent correlation pattern from that observed in PC1, in which bigger wings are longer, as SI and SH are strongly and negatively correlated to each other, while the points that determine the positioning of the longitudinal wing veins in the distal wing area move together in an opposite direction from almost all points in the proximal wing area (y B , y C , y D and y E increase while y A , y F , y J , y K and y O decrease). However, most of the variation of the latter group of wing traits was related to the variations explained by PC1.
The ANOVA for the first two PCs showed that, although both PCs were significantly affected by sex and temperature variations, PC1 was primarily affected by sex while PC2 was greatly influenced by changes in temperature (see mean squares in Table 1 ). Also, significant effects of line and line-temperature interaction were observed for both PCs while sex-temperature interaction was only found for PC1. Pearson's product-moment correlations between wing traits, bold values are significant (Po0.05). Both matrices were estimated using the total offspring mean, which includes all offspring individuals of both sexes at the three developmental temperatures. To visualize the variation patterns of wing morphology, the means of the ellipse axes were used to draw a mean ellipse by sex and temperature. Then, the means of the angles that determine the location of the wing veins were used to mark their location points in each ellipse (Figures  2 and 3) . Figure 2 shows the differences between sexes only at 16.51C, since the same variation pattern was found between sexes at 20.0 and 30.01C. We can observe that females have bigger and longer wings than males, with the second, fourth and fifth longitudinal veins closer to each other in the distal part of the wing. This pattern of wing shape variation was reflected in the correlations found in PC1, which were mostly affected by sex differences. Figure 3 summarizes the effects of different developmental temperatures on the wing morphology separately by sex. At higher temperatures, wings are smaller (SI decreases) and more rounded (SH increases) for both sexes. In addition, the variations in the positioning of the longitudinal veins are different from those observed between sexes and are in part reflected in PC2.
Within-environment heritability
The within-environment heritability by intraclass correlation (h 2 FS ) was first estimated by sex at each temperature, but no significant difference was detected when we compared male and female estimates within each temperature (for all comparisons: t-test; P40.05, a 0 ¼ 0.0013). Hence, the h 2 FS estimates including both sexes were obtained for each temperature and are presented in Table 4 . All h 2 FS values were significantly different from zero, suggesting that part of the variance of the wing traits is genetically controlled. For all traits, the comparison between the h 2 FS estimates at 16.5, 20.0 and 30.01C revealed no significant difference (for all comparisons: t-test; P40.05, a 0 ¼ 0.0013), indicating that changes in the developmental temperature do not lead to systematic changes of these estimates. Table 5 shows the within-environment heritability estimates by parent-offspring regression (h 2 b OP ) when parents and their offspring were reared at 16.51C, in the four possible combinations. The results suggest a possible influence of X-linked genes primarily for SH, but also for SI, y B , y E and y I . For these traits, we observed lower h 2 b OP values for the father-son regressions when compared to the father-daughter estimates. For each wing trait, however, no significant difference was found when we used ANCOVA to compare the regression coefficients of these four different parent-offspring regressions. Interestingly, though, SH was the only wing trait in which the homogeneity of these regression coefficients was nearly rejected (for SH, F-ratio ¼ 2.49 and P ¼ 0.06; for all other traits, F-ratio o1.43 and P40.23). ) across environments for each temperature, including both sexes, are shown in Table 6 . Although the ANCOVA did not detect significant differences when comparing the mother-offspring regressions between temperatures for each wing trait, there is a clear tendency for some traits in which the h 2 b OP estimates decrease when the difference between temperature in which mothers and their offspring are reared increases. SI is the clearest example of this pattern since its h 2 b OP estimate is significant only when parents and offspring were reared at the same developmental temperature (16.51C). This tendency might also exist for y B , y C and y I , although nonsignificant values were found only when the offspring were reared at 30.01C. 
Genetic correlations
The total genetic correlation matrix is presented in Table 2 , upper diagonal. Some significant genetic correlations were detected between D. simulans wing traits. It stands out that SH is significantly and positively correlated with y D and y E and also significantly and negatively correlated with y B , as occurs in the total phenotypic correlation matrix. For y I , significant genetic correlations were only found with y D and y E . We can also observe significant positive correlations similar to the phenotypic correlations among SI, y B and y C as well as among y A , y F , y G , y J , y K and y O . It is interesting to note that this last group of traits is positively correlated among themselves in both phenotypic and genetic matrices, although they present, in other cases, opposite signs when these matrices are compared. For example, these traits are negatively correlated with SH in the phenotypic matrix but are positively correlated with this trait in the genetic matrix.
When the total phenotypic and the total genetic matrices were compared, a significant correlation between them was found (Mantel's r ¼ 0.50; P40.05). However, as the maximum expected correlation between these two matrices is nearly one (maximum observable correlation ¼ 0.92) and the observed correlation between them is 0.50, it seems that only about 50% of the genetic matrix is represented in the phenotypic matrix.
Discussion Wing morphology variation
The wing morphology of a laboratory population of D. simulans submitted to temperature variations was primarily characterized by a negative phenotypic correlation between size and roundedness in shape. For both sexes, wings were smaller and more rounded (ie have higher values for the ratio b/a) at higher temperatures, while bigger and longer wings were found at lower temperatures. As for the difference between sexes, females had bigger and longer wings than males regardless of the developmental temperature in which the flies were reared. In addition to the wing outline shape (SH), another source of shape variation was related to the positioning of the wing veins, for which the PCA identified two independent variation patterns. The first, which primarily separates the sexes, showed that when wings are longer, the second, fourth and fifth longitudinal veins get closer to each other in the wing tip. The second variation pattern was mainly related to temperature variation and showed a positive correlated response for the positioning of the longitudinal wing veins.
It is difficult to compare the results from different authors, considering the great diversity of methods utilized to describe wing shape in quantitative genetic studies. Nevertheless, some correspondences can be recognized, especially when we compare the results from geometrical morphometrics methods such as the ellipse and the Procrustes analysis. Both analyses provide size-independent shape measures and their results can be easily visualized. Several such studies using natural or laboratory populations of different Drosophila species have shown that longer wings suffer a contraction of the distal area in which the landmarks that give the positioning of the longitudinal veins move toward each other, except for the third longitudinal vein, which seems to maintain its position (Bitner-Mathé and Klaczko, 1999b, c; Gilchrist et al, 2000; Klingenberg and Zaklan, 2000; Hoffmann and Shirriffs, 2002) . Interestingly, similar variation patterns to those found in our work had emerged in each of these studies, even though the flies were subjected to different sources of environmental and genetic variation. Moreover, as observed here, this wing shape variation pattern is mostly related to sex (Bitner-Mathé and Klaczko, 1999c; Gilchrist et al, 2000) , although it is also influenced by geographical variation (Gilchrist et al, 2000; Hoffmann and Shirriffs, 2002) and by changes in temperature or density (BitnerMathé and Klaczko, 1999c) . Therefore, it seems very likely that some sort of developmental constraint is acting to limit the range of the wing shape variation between sexes, as suggested by Gilchrist et al (2000) .
An interesting morphological feature of Drosophila wings is the existence of two major wing compartments, the anterior and posterior ones. These compartments reflect the allocation of cells in early development, and their boundary lies right above the fourth longitudinal vein (García-Bellido et al, 1973) . Some studies using selection experiments have considered that these compartments are independent subunits of wing development and that they represent separate units of selection subjected to differing genetic control (Cavicchi et al, 1991; Pezzoli et al, 1997) . However, Thompson and Woodruff (1982) compared selection responses and hypothesized that 'though some modifiers had strictly vein-specific action, others acted upon all veins in the posterior compartment or upon all veins in the wing'. Furthermore, Klingenberg and Zaklan (2000) found several indications of morphological integration between wing compartments through morphometrical analysis. Here we found that the variation in the wing outline shape includes a correlated amount of the variation on the wing veins of different compartments and also that the longitudinal veins in the same compartment are strongly correlated. Therefore, our results corroborate the idea that there might be genes with more general control of the wing vein placement throughout the wing blade, while other genes might control the positioning of the veins within a single compartment or have vein-specific action (Thompson, 1975; Thompson and Woodruff, 1982; Weber, 1992) .
The relationship between the wing outline and the positioning of the wing veins can be visualized by imagining a circular wing and then increasing the major axis to obtain a longer wing. Some correlations among the angles that determine the wing vein positions are predictable by such process, while others are not. That is, the total variation of each wing trait is not wholly explained by shape changes in the wing outline. Thus a general wing elongation might involve the action of specific genes and/or developmental constraints while other genes and/or environmental factors might control wing vein variation in specific wing regions.
The underlying genetic control
To what degree are these morphological features of Drosophila wings genetically controlled?
Strong evidence that a genetic component controls at least part of the variation observed in the wing traits was found. High additive genetic variation for wing shape traits has also been reported for other Drosophila species (Bitner-Mathé and Klaczko, 1999b; Gilchrist and Partridge, 2001; Hoffmann and Shirriffs, 2002) . Furthermore, the importance of sex-linked genes was suggested by our results, especially for the measurement of the wing outline shape, but also for the wing size, the second longitudinal vein and the posterior crossvein. Gilchrist and Partridge (2001) observed in D. melanogaster that X-linked alleles seem to have a greater effect on wing shape rather than on wing size, which corroborates our findings.
As for the genetic correlations between pairs of wing traits, significant correlations were observed, suggesting that the patterns of wing morphological variation described above have a strong underlying genetic control. In particular, we note the significant genetic correlations between SH and the points determining the position of the second (r G ¼ À0.47), fourth (r G ¼ 0.58) and fifth (r G ¼ 0.50) longitudinal wing veins. Studying the same traits in D. mediopunctata, Bitner-Mathé and Klaczko (1999b) also observed significant genetic correlations among SH, the fourth and fifth longitudinal veins. Here and in Bitner-Mathé and Klaczko (1999b) , however, there has been no evidence for a genetic contribution to the phenotypic correlation between SI and SH. Weber et al (1999 Weber et al ( , 2001 ) mapped onto chromosomes 2 and 3 of D. melanogaster what were largely additive genetic effects on an index of wing shape independent of wing size, using recombinant isogenic lines. The shape variation described by their index is comparable to what we call SH variation. Zimmerman et al (2000) successfully identified quantitative trait loci (QTL) related to two principal wing shape variations in the posterior wing compartment between two divergent inbred lines of D. melanogaster. These QTL were primarily associated with changes in the positioning of vein junctions represented in our work by the landmarks that locate the fourth and fifth longitudinal wing veins (D, E and I) . Also, these authors observed that most of the QTL affecting components of wing shape variation showed additivity or partial dominance, while those affecting wing size were essentially dominant. Gilchrist and Partridge (2001) also described dominance effects affecting wing size, but not wing shape, in D. melanogaster lines derived from extreme ends of a natural body-size cline in eastern Australia. Our results, together with the studies cited above, reinforce the idea that different sets of genes might be regulating wing size separately from the wing outline shape, although a phenotypic correlation between these traits is frequently described.
In practical terms, genetic correlations are difficult to estimate because of the large samples required to achieve small standard errors (Cheverud, 1988) . On the contrary, phenotypic correlation between two traits can be directly estimated from the observed phenotypic values, which motivates, in many situations, the use of phenotypic correlations as a proxy for genetic correlations, the socalled 'Cheverud's conjecture' (Cheverud, 1988; Roff, 1995; Reusch and Blanckenhorn, 1998) . In our data, only about 50% of the total genetic matrix was represented in the total phenotypic matrix of the D. simulans individuals submitted to temperature variation, which would suggest that the phenotypic correlations are rather rough approximations of the genetic correlations. An inspection on these matrices shows that the correlations between the traits in the proximal wing area (y A , y F , y G , y J , y K and y O ) and other wing traits, SI for example, might be the primary cause of divergence between the phenotypic and genetic correlation matrix. Removing these traits from the comparison between the total phenotypic and genetic matrices, a high and significant correlation is observed, being 88% of the total genetic matrix represented in the total phenotypic matrix (Mantel's r ¼ 0.88; P40.05 and maximum observable correlation ¼ 0.93). This result indicates that phenotypic and genetic correlations are more corresponding for some pairs of traits than for others, even when the analyzed traits are located in the same organ. Cheverud (1988) previously noted that, as a result of random sampling errors and/or moderate to low heritabilities, the overall magnitude of genetic correlation might be greater than phenotypic correlation and the genetic correlations might follow a different pattern from their phenotypic counterparts, which seems to be the case for the traits in the proximal wing area. It is also possible that the divergence between r P and r G values for these traits has been caused by a disjunction between patterns of environmental and genetic effects on the developing phenotype (Cheverud, 1988) . In view of the fact that the phenotypic correlation does not necessarily provide a fair approximation to the genetic correlation, evolutionary inferences supported only by phenotypic values, without previous observations of the correspondence between phenotypic and genetic correlations, should be taken carefully.
Temperature effects on heritability estimates
To improve the interpretation of heritability estimates in natural populations, we have designed an experiment that simulates natural heritability studies using isofemale lines, with the advantage that we have controlled the environment in which the mothers were reared: the 'original environment ' (16.51C (Prout and Barker, 1989; Gibert et al, 1998; Orengo and Prevosti, 1999) . The most common explanation for these low estimates of size heritability in nature is that the environmental component of phenotypic variation is greater in the field than in the laboratory (Weigensberg and Roff, 1996) . In our case however, it seems very unlikely that this hypothesis could explain the low heritability values for wing size since the environmental variation was strictly controlled and no significant difference between the phenotypic variation of mothers and their sons or daughters was detected (for all comparisons: F-test; P40.05, a 0 ¼ 0.00385). Another possible explanation is the occurrence of genotype-environment interactions that could be biasing the wing size heritability estimates (Falconer and Mackay, 1996) . Here we found strong indications of genotype-temperature interaction affecting wing size. In addition, other laboratory studies have shown evidence of genotype-environment interaction for size-related characters (Gupta and Lewontin, 1982; David et al, 1994; Bitner-Mathé et al, 1995; Noach et al, 1996) . Conversely, the cross-environment heritability estimates of SH did not change with the increasing difference between the temperature in which mothers and their offspring were reared. High natural heritability (above 0.50), estimated by regressing the offspring reared in laboratory on their wild-caught mothers, has been reported for wing shape-related traits in some Drosophila species, including D. mediopunctata (Bitner-Mathé and Klaczko, 1999b) , D. melanogaster (Gilchrist and Partridge, 2001 ) and D. serrata (Hoffmann and Shirriffs, 2002) . Interestingly, genotype-temperature interaction also seems to be affecting the wing outline shape but not its cross-environment heritability estimates.
While a meaningful SH heritability in natural populations can be reliably estimated by the cross-environment mother-offspring regression, it appears that a natural heritability estimate of SI is strongly influenced by genetic and/or environmental effects. For example, the effects of the genotype-temperature interaction might be greater on wing size, biasing the heritability estimates of this trait when mothers and their offspring are reared in different environments. In addition, since the heritability estimates from mother-offspring regression might be influenced by components of additive epistatic interaction and by maternal effect variance, one or both of these variances could also be responsible for the contrasting h 2 OP estimates of SI and SH. Moreover, it has been suggested that the genes affecting wing shape mainly have additive effects, while those affecting wing size are essentially dominant Gilchrist and Partridge, 2001) . The most reasonable explanation, however, is that this difference between SI and SH natural heritability estimates might be caused by a combination of the effects described above.
What conclusions can be drawn regarding different types of heritability estimates for these wing traits?
Although the overall h 2 FS mean was significantly greater than the overall h 2 b OP mean, we did not find significant difference between the h 2 FS and h 2 b OP estimates, considering each wing trait independently. This result only suggests that the h 2 estimates by intraclass correlation might be, in average, overestimating the heritability in the original environment.
Another common estimate in natural cross-environment heritability studies is the lower bound (g 2 h 2 N ), which provides an approximation to the natural heritability (h 2 N ). According to Riska et al (1989) , the relationship between cross-environment h 2 estimates can be understood through the ratio k ¼ b (Ol.Pn) /g Ol.Pn) . This seems to be the case for some wing traits, as the magnitude of g 2 h 2 in the original environment was even greater than estimated by the cross-environment parent-offspring regression (h 2 b OP ), although it is also possible that the observed differences between h 2 b OP and g 2 h 2 estimates are not significant.
Overall, it seems very clear that different wing traits have different genetic bases and properties. Giving a single explanation for how wing morphology evolves in response to the natural environmental variation and how its genetic variation is maintained in natural populations is therefore difficult. For this reason, unraveling the genetic basis of quantitative traits, such as the Drosophila wing, is essential to understand the evolutionary processes acting to generate and maintain the variation between populations and species.
